The tyrosine kinase zeta chain-associated protein of 70 kDa (ZAP-70) plays a key role in T cell development and signalling. In the absence of ZAP-70, T cell development is arrested in the CD4 
Introduction
ZAP-70, a T cell receptor zeta chain-associated protein of 70 kDa was identified by Chan and colleagues [1] in T cell receptor (TCR)-stimulated Jurkat cells. This tyrosine kinase plays a central role in signal transduction through the antigen receptor during T cell activation [2] . ZAP-70 is also indispensable in T cell differentiation: in its absence, the maturation of T cells in the thymus is blocked at the double-positive (DP: CD4 1 CD8 1 ) stage, and as a consequence, no mature T cells can be found in the peripheral lymphoid organs, leading to severe combined immunodeficiency (SCID) in both humans and mice [3, 4] . In the first ZAP-70 knock-out mice the whole protein kinase-coding gene was deleted [5] . Unlike human SCID patients, ZAP-70 knock-out mice have no mature CD4 1 or CD8 1 single-positive (SP) thymocytes; only DP cells can be found in their thymus [5] . Using flow cytometry, it was also shown that no functional TCR-ab-expressing cells were present in their spleen, while the number of B220 1 B cells was elevated [5] . These knock-out mice are immunodeficient, but under specific pathogen-free (SPF) conditions they live up to 10 months [5] . Later, a second strain of ZAP-70-deficient mice was established with the deletion of a segment of the ZAP-70 coding gene [6] . The phenotype of these latter mice was consistent with the earlier study [5] ; additionally, it was reported that the lymph nodes of ZAP-70 knock-out mice contained some CD3
1 T cells, which expressed mainly TCR-gd [6] .
Several attempts have been made to restore the impaired T cell development in ZAP-70 knock-out mice; Adjali and colleagues [7] injected a T cell-specific lentiviral vector encoding human ZAP-70 directly into the thymi of ZAP-70-deficient mice, after which CD4 1 and CD8 1 SP thymocytes appeared in 7-13 weeks and mature, functional T cells could be detected in the peripheral blood, spleen and lymph nodes.
To overcome the safety issues of the lentiviral gene delivery system, direct electroporation of the thymus was also tested in ZAP-70-deficient animals using a ZAP-70 coding expression vector [8] . They observed restored T cell differentiation in the thymus and detected mature T cells in the peripheral lymphoid organs 3 weeks following the transfer [8] . Both CD4 1 and CD8 1 T cells exhibited normal functional properties in vivo [8] .
Previous adoptive transfer studies in ZAP-70-deficient mice used bone marrow (BM)-originated precursors as donor cells. Comparing intravenous (i.v.) and intrathymic routes of delivery of lineage-negative, haematopoietic stem cells (HSC), intrathymic transfer was found to be more efficient in terms of both kinetics and required cell numbers [9] . Upon intrathymic injection, SP thymocytes appeared in the thymus 4 weeks after the transfer with significantly higher numbers of mature T cells in the spleen and lymph nodes compared to the i.v. injection [9] . In contrast to the i.v. transfer, where no SP thymocytes were detected 13 weeks after the transfer, intrathymic transplantation of HSCs resulted in maintained T cell differentiation even 13-14 weeks post-transplantation [9] .
Vicente and colleagues [10] investigated the long-term reconstitution, i.e. 20-25 weeks after i.v. or intrathymic transplantation of lineage-negative HSCs. Intrathymic transfer resulted in significantly higher numbers of peripheral T cells [10] . Furthermore, it was proved that intrathymic HSC transfer provides long-term donor thymopoiesis with donor-derived progenitors contributing to all stages of T cell differentiation, but not to the differentiation of non-T-lineage haematopoietic lineages [10] . Additionally, the architecture of the thymi of intrathymically reconstituted mice was restored [10] .
In preliminary experiments, we have also tried various methods to reconstitute T cells in ZAP-70 -/-mice, including intrahepatic injection of wild-type (WT) BM in newborn mice or i.v. and intraperitoneal (i.p.) injection of WT thymocytes at 3-4 weeks of age. We managed to detect the presence of T cells after both intrahepatic BM transfer and i.p. thymocyte transfer, but i.v. injection of thymocytes was less effective: no mice survived more than 1 month after the transfer and we could not detect T cells in their blood in this period (our unpublished observations). Moreover, as ZAP-70 -/-mice are severely immunocompromised, and thus their lifespan under conventional housing is only 7-10 weeks (our own observation), the transfer has to be applied in a relatively narrow time-frame, i.e. between 3 and 5 weeks of age for best results. Based on technical considerations (accessibility of donor tissue, required cell numbers, route of administration) and the scarcity of studies investigating adoptive transfer of thymocytes [11] [12] [13] , we decided that the i.p. thymocyte transfer was the simplest and most promising method to be tested further.
Herein, we show that a single i.p. injection of ZAP-70 1/ 1 thymocytes into ZAP-70 -/-recipients corrected the T cell deficiency permanently: T cells appeared in the peripheral lymphoid organs, the thymic T cell development showed normalization and, most importantly, the average lifespan of mice increased significantly.
Materials and methods

Mice
Mice deficient for the ZAP-70 kinase (B6.129X1-Zap70tm1Weis/J) were purchased from Jackson Laboratories (Bar Harbor, ME, USA) and bred in the transgenic mouse facility of the Department of Immunology and Biotechnology under conventional conditions. Mice were genotyped routinely from tail DNA with primers recommended by Jackson Laboratories, which could differentiate reliably between all three potential genotypes using three primers (ZAP-70 WT:
0 , ZAP-70 common: 5 0 CATATGCACTGTCCCTGGTC T-3 0 ). Breeding was conducted on a heterozygous basis.
In some experiments, we used green fluorescent protein (GFP)-transgenic mice as thymocyte donors, where the GFP is expressed ubiquitously by most somatic cells, including thymocytes, under the control of the human elongation factor 1a (EF1a) promoter [14] .
All experimental animals were kept and bred in the transgenic mouse facility of the Department of Immunology and Biotechnology under conventional, non-SPF conditions at 24 6 28C with a controlled 12 h/12 h light/dark cycle. Animals used for the experiments were housed in cages in groups of five and they received food and drinking water ad libitum.
All animal experiments were performed in accordance with the regulations set out by the Animal Welfare Committee of the University of Pecs (BA02/2000-3/2012 to F.B.).
Thymocyte transfer
For adoptive transfer experiments, homozygous ZAP-70 -/-recipient mice were collected. As donors for thymocytes, we used either WT (ZAP-70
) littermates or GFPtransgenic mice. Briefly, thymi were isolated from donor mice and cells were released by mechanical dissociation then washed once in phosphate-buffered saline (PBS). Recipients received 5-10x10 6 thymocytes with a single ip.
injection at the age of 3-4 weeks. We took blood from the transferred animals regularly to check the appearance of CD3 1 T cells, which was the ultimate sign of the successful adoptive transfer. At the end of the experiments mice were killed and we isolated the thymus, spleen, lymph nodes and Peyer's patches for histological and flow cytometric analysis. In some experiments, before the i.p. injection, we labelled the donor thymocytes with carboxyfluorescein succinimidyl ester (CFSE) (Invitrogen, Budapest, Hungary) in vitro, according to the manufacturer's instructions. Briefly, CFSE (50-mM stock in dimethylsulphoxide; SigmaAldrich, Budapest, Hungary) was diluted to a final concentration of 0Á5 lM and the cells were incubated for 30 min at 378C while shaking. Then cells were washed with warm 0Á1% bovine serum albumin (BSA) (Sigma-Aldrich) in PBS and incubated in this buffer for another 30 min at 378C. Cells were resuspended in sterile PBS for the intraperitoneal injection.
Antibodies
For immunofluorescent detection of B and T cells, anti-B220-Alexa Fluor 647 (clone: 6.B2; University of P ecs, Department of Immunology and Biotechnology) and anti-CD3-fluorescein isothiocyanate (FITC) (clone: KT3; University of P ecs, Department of Immunology and Biotechnology) rat anti-mouse monoclonal antibodies (mAbs) were used, respectively.
In thymic sections anti-CD4-phycoerythrin (PE) (clone: H129.19; BD Biosciences, Budapest, Hungary) and anti-CD8-FITC (clone: IBL-3/25; University of P ecs, Department of Immunology and Biotechnology) rat anti-mouse mAbs were applied to visualize the thymocyte composition.
For the discrimination of the cortex and medulla in the thymus, anti-Ly51-PE (clone: 6C3; eBioscience, Vienna, Austria) and anti-epithelial cell adhesion molecule 1 (EpCAM1)-FITC (clone G8.8; University of P ecs, Department of Immunology and Biotechnology) rat anti-mouse antibodies were used.
For quantitative immunohistochemistry, anti-EpCAM1 (clone G8.8; University of P ecs, Department of Immunology and Biotechnology) was used with anti-rat immunoglobulin (Ig)-peroxidase secondary antibody (Histols-Rat, cat. no. 30011.Rat50; Histopathology Ltd, P ecs, Hungary). Positive staining was visualized using 3,3'-diaminobenzidine (DAB) (Dako-Agilent Technologies, Santa Clara, CA, USA) colour reaction.
Omentum preparations for confocal microscopy were stained with rabbit anti-fibronectin (ab23750; Abcam, Cambridge, UK) and goat anti-rabbit IgG-cyanin 3 (Cy3) (ab6939; Abcam) antibodies.
Cells were labelled for flow cytometry with anti-CD3-allophycocyanin (APC)-Cy7, anti-B220-PE-Cy7, anti-CD4-PE and anti-CD8-PE-Cy5.5 (all from BD Biosciences) mAbs.
The distribution of ab and gd T cells in various tissues of transferred mice was detected using anti-CD3-FITC (clone: KT3; University of P ecs, Department of Immunology and Biotechnology), anti-TCR-ab-Alexa Fluor 700 and anti-TCR-gd -Brilliant Violet 421 mAbs (both from BD Biosciences).
For Western blotting, purified mouse anti-phosphotyrosine (clone: PY20, BD Biosciences) and anti-b-actin (clone no. AC-74, Sigma-Aldrich) primary antibodies were used, which were visualized with peroxidase-conjugated anti-mouse IgG secondary antibody (University of P ecs, Department of Immunology and Biotechnology).
Flow cytometry
Cell surface markers of peripheral blood, lymph nodes, spleen and Peyer's patches were analysed by multi-colour flow cytometry, as described [15] . Briefly, anti-coagulated blood was haemolyzed while the solid lymphoid organs were homogenized in PBS containing 0Á1% sodium azide (Sigma-Aldrich) first, and then filtered. After washing with PBS containing 0Á1% sodium azide and 0Á1% BSA (SigmaAldrich) 10 6 cells were labelled with fluorochromeconjugated antibodies for 30 min in the dark; cells were then resuspended in PBS containing 1% paraformaldehyde (Sigma-Aldrich). Data acquisition and analysis were performed on a FACS Canto II flow cytometer using FACS Diva Software (both from BD Biosciences).
Cell populations were defined as follows: CD3 
CD4
-: CD8 SP thymocytes. Percentages of the different cell populations were quantified using two-dimensional density plots; GFP expression was analysed on histograms.
Immunohistochemistry and fluorescent microscopy
Multiple immunofluorescent staining of frozen, acetonefixed sections from thymi, spleens and peripheral lymph nodes was performed as described earlier [16] . Acetonefixed, frozen sections were blocked for 20 min with PBS containing 5% BSA (Sigma-Aldrich), followed by a 45-min incubation with the appropriate antibody cocktails. After washing with PBS, samples were mounted and analysed.
For immunohistochemistry, frozen thymus sections were blocked with 5% BSA (Sigma-Aldrich) in PBS. Then, samples were treated with 1 mg/ml phenylhydrazine (Sigma-Aldrich) in PBS for 10 min. After 45-min incubation with unlabelled anti-EpCAM1, rat anti-mouse mAb samples were washed with PBS and anti-rat Ig peroxidase was used as secondary antibody for 1 h at room temperature. The sections were developed by DAB (Dako) colour reaction.
Immunofluorescent and immunohistochemical samples were analysed using an Olympus BX61 fluorescent microscope (Olympus Optical Co., Tokyo, Japan). The acquisition of digital images was performed with a CCD camera using analySIS software. Photos were overlaid using Adobe Photoshop CS2 software (Adobe Systems Inc., San Jose, CA, USA), with adjustments for brightness, contrast and black level applied equally to all images.
Omenta were processed for whole-mount immunohistochemistry as described [17] . Briefly, harvested omenta were fixed in 4% paraformaldehyde (Sigma-Aldrich) and, after washing with 0Á1% saponin (Sigma-Aldrich) in PBS, were blocked with PBS containing 5% BSA (Sigma-Aldrich) and 0Á1% saponin for 2 h. After washing three times for 20 min, samples were incubated with rabbit anti-fibronectin (Abcam) at 48C overnight, then washed three times for 20 min. Anti-rabbit-Cy3 (Abcam) was used as secondary antibody (3 h at 48C). Samples were viewed using an Olympus Fluo-View FV-1000 laser scanning confocal imaging system (Olympus).
cDNA synthesis and polymerase chain reaction (PCR)
After isolating total RNA from BM and thymi using the RNeasy Plus mini kit (Qiagen, Hilden, Germany), cDNA was prepared with the RevertAid first-strand cDNA synthesis kit (Thermo Scientific, Waltham, MA, USA). Subsequent PCR was performed using primer pairs for GFP:
T cell isolation and in-vitro activation T cells were isolated from the spleens of wild-type (WT) or transferred mice using the EasySep TM mouse T cell isolation kit (Stemcell Technologies Inc., Vancouver, BC, Canada), according to the manufacturer's instructions. Purified T cells were then stimulated in vitro using MACSiBead TM particles (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) loaded with CD3 and CD28 antibodies for 48 h (bead/cell ratio 2 : 1). Proliferation capacity of the stimulated T cells (20 000 cells/well in a 96-well plate) was assessed using Promega CellTiter 96 V R non-radioactive cell proliferation assay (Promega, Madison, WI, USA), according to the manufacturer's instructions.
Western blot
Some activated T cells were processed for Western blotting. Briefly, cells were lysed in Triton X lysis buffer [50 mM HEPES, 10 mM Na-pyrophosphate, 10 mM ethylenediamine tetraacetic acid (EDTA), 100 mM Na-fluoride, 10% glycerol, 1% Triton X] complemented freshly with protease inhibitor and Na-orthovanadate (all from Sigma-Aldrich). After centrifugation at 16 000 g for 10 min, the supernatant was boiled immediately in sodium dodecyl sulphate (SDS) sample buffer for 10 min. Samples were separated with SDS-polyacrylamide gel electrophoresis (SDS-PAGE) in a 10% gel. The gels were blotted for 2 h to nitrocellulose membranes using the Mini Trans-Blot cell blotting equipment (both from Bio-Rad, Hercules, CA, USA). After transfer, nitrocellulose membranes were soaked in blocking buffer [2% BSA (Sigma-Aldrich), 10 mM Tris, 100 mM sodium chloride and 0Á1% Tween 20 (Molar Chemicals, Hal asztelek, Hungary), pH 7Á4] and then incubated with purified mouse anti-phosphotyrosine primary antibody (clone: PY20; BD Biosciences). Anti-b-actin (clone no. AC-74; Sigma-Aldrich) was used as loading control. Blots were then probed with peroxidase-conjugated anti-mouse-IgG (University of P ecs, Department of Immunology and Biotechnology). Blots were washed in a buffer containing 10 mM Tris, 100 mM sodium chloride and 0Á1% Tween 20 (pH 7Á4). Western blots were visualized using enhanced chemiluminescent reagent (SuperSignal West Femto Chemiluminescent substrate; Thermo Scientific), as described in the manufacturer's instructions. Luminescent light signals were detected with Fujifilm LAS 4000 blot imaging system (Fuji, Tokyo, Japan).
Statistical analysis
Data are presented as means 6 standard error of the mean (s.e.m.). Statistical significance was determined using the unpaired, two-sample Student's t test. P < 0Á01 was considered statistically significant.
Results
T cell reconstitution in ZAP-70
-/-mice after i.p. thymocyte transfer To that end, we injected 5-10 3 10 6 thymocytes into the peritoneal cavity of 3-4-week-old recipient mice and subsequently analysed blood and peripheral lymphoid organs for T cells. As ZAP-70 -/-mice have virtually no mature T cells in the peripheral lymphoid organs [5, 6] (Supporting information, Figs S1 and S2), the appearance of T lymphocytes is a reliable sign of the successful adoptive transfer. First, for follow-up, we monitored the ratio of T cells in the peripheral blood: 10 days after the i.p. injection of thymocytes T cells had already appeared in the blood ($4%), and their ratio remained steady at between 4 and 6% during the 120 days of the monitoring (Fig. 1a) . Four months after the i.p. thymocyte transfer, we killed recipient mice and performed a histological analysis of the peripheral lymph nodes (Fig. 1b) and spleen (Fig. 1b) which showed that, indeed, T cells appeared in the periphery, as the organs of mice receiving i.p. thymocyte transfer showed restored T cell areas (Fig. 1b A,C ) in contrast to ZAP-70 -/-mice, where no peri-arteriolar lymphatic sheath (PALS) was seen in the spleen and lymph nodes also lacked defined T cell zones (Fig. 1b B Normally, the majority of mature T cells leaving the thymus carry TCR-ab [18] ; however, in ZAP-70 -/-animals, where the T cell development is impaired [5] , those few T cells that are present in the periphery (mainly the lymph nodes) express TCR-gd [6] . Here, we found that the TCR expression was normalized in recipients receiving thymocyte transfer: more than 80% of T cells expressed TCR-ab in the blood, lymph nodes and spleen (Fig. 1c,d ).
Although we show here the results obtained 4 months after the i.p. thymocyte transfer (Fig. 1) , in several cases we monitored mice up to 12 months after the transfer and found that the T cell reconstitution remained stable even for these extended periods of time (data summarized in Supporting information, Fig. S3 ), which suggested the successful reconstitution of T cell development. The normalized lifespan of ZAP-70 -/-mice, which are otherwise seriously immunocompromised and susceptible to early death due most probably to infections, was further important evidence for the success of T cell repopulation. According to our experience, ZAP-70 -/-mice have a life expectancy of 7-10 weeks on average under conventional, non-SPF conditions (our observation).
To verify that the i.p. thymocyte transfer had indeed the potential to restore thymic T cell development in ZAP-70 -/-mice, thymocyte subpopulations were assessed 4-8 months after the transfer (Fig. 1e,f) . We observed that, compared to the ZAP-70 -/-mice, where virtually all thymocytes are DP [5, 6] (Supporting information, Figs S1 and S2), after transfer the thymocyte composition shifted: the ratio of DP thymocytes decreased from 99 6 0Á7 to 90Á 5 6 3Á7, accompanied by a significant increase in CD4 1 and CD8 1 SP thymocytes (from $0 to 1Á2 6 0Á6 and 1Á7 6 0Á8, respectively) (Fig. 1e,f) . These findings implied that in the thymi of transferred mice some thymocytes were able to make the transition from DP to SP stage successfully.
Early kinetics of the T cell reconstitution in peripheral lymphoid organs after i.p. thymocyte transfer
First we observed that, in the blood, T cells already appeared 10 days after the i.p. thymocyte transfer. Thus, in the next set of experiments, we investigated the early kinetics of T cell reconstitution: the ratio of T cells was assessed at days 4, 10, 24 and 31 after i.p. thymocyte transfer in the peripheral lymphoid organs of ZAP-70 -/-recipient mice (Fig. 2a) . In the peripheral blood, the ratio of T cells reached 5Á5% at day 24 and decreased slightly to 3% by day 31 (Fig. 2a) . In the spleen, we observed a sudden increase between days 10 and 24 (from 1Á1 to 8Á9%), with the T cell ratio increasing further to 9Á5% by day 31 (Fig. 2a) . We think that this increase could be the combined result of both the increased immigration of T cells from the thymus (see next part of Results and Fig.  3 ) and local expansion of T cells in the spleen, which could be verified using carboxyfluorescein succinimidyl ester (CFSE) labelling or CD25 as proliferation/activation marker (data not shown). We detected only a slight increase in the T cell ratio (from 4Á6% at day 4 to 5Á8% at day 31) in the lymph nodes during the period assessed (Fig. 2a) ; however, the initial ratio of T cells was highest in the lymph nodes (due most probably to the presence of gd T cells [6] (Supporting Information, Figs S1 and S2) (Fig. 2b,c) . Next, we investigated the kinetic changes in the distribution of ab and gd T cells in the blood and peripheral lymphoid organs (Fig. 2b,c) . At day 4, the majority of the T cells were gd T cells in the blood, spleen and lymph nodes (67Á4 6 1Á3%, 48Á5 6 11.4% and 75Á9 6 1%, respectively) (Fig. 2b,c) . The ratio of gd T cells decreased constantly until day 24 (7Á7 6 2Á6%) in the blood, while in the spleen and lymph nodes this change started only after day 10 (Fig. 2b,c) . By day 24, the ratio dropped to 3Á8 6 0Á9% in the spleen, but in the lymph nodes the percentage of gd T cells did not fall below 22Á8 6 6Á6% (Fig. 2b,c) . In parallel, the ratio of ab T cells increased steadily from 12 6 2Á8% (day 4) to 78Á2 6 1Á3% (day 24) in the blood, and from 11Á1 6 6Á2% (day 4) to 83Á4 6 1Á6% (day 24) in the spleen (Fig. 2b,c) . In the lymph nodes, the ratio of ab T cells did not change until day 10 (15Á8 6 1Á1% at day 4 versus 14Á7 6 3Á8% at day 10), when an increase began (68Á6 6 6Á7% at day 24) (Fig. 2b,c) .
After day 24, we measured a slight drop in the ratio of ab T cells in all organs until day 31 (Fig. 2b,c) .
Investigation of the early changes in the thymus following i.p. thymocyte transfer
To assess the changes taking place in the thymus during the first 4 weeks following i.p. thymocyte transfer, thymocyte subpopulations were assessed at 0, 4, 10, 17, 24 and 31 days after the transfer. As already mentioned above, in ZAP-70 -/-mice the thymus is composed of almost only DP cells [5, 6] (Fig. 1e ,f, Supporting information, Figs S1 and S2.) Upon i.p. thymocyte transfer, we observed changes already in the thymocyte composition as early as 10-17 days (Fig.  3a) . The ratio of CD4 -CD8 -double-negative (DN) thymocytes elevated from 0Á8 6 0Á1 to 4Á3 6 1Á1 by day 17 while, simultaneously, the ratio of CD4
1
CD8
1 DP cells dropped from 99 6 0Á7 to 94Á7 6 1Á1 (Fig. 3a) . In parallel, the ratio of mature SP cells started to increase after day 4, and reached a peak at day 17 in both the CD4 1 (0Á6 6 0Á1%) and CD8 1 (0Á5 6 0Á1%) SP subpopulations, indicating the restoration of thymic T cell development (Fig. 3a) . Interestingly, the ratios reverted to the starting point in all thymocyte subpopulations by day 24 (Fig. 3a) . These results have raised the question of whether the observed changes were also mirrored by changes in the morphology of the thymus. The thymi of ZAP-70 -/-mice are characterized by the lack of distinct medullary regions [5] (Supporting information, Fig. S1, Fig. 3b B) . Seventeen days after the i.p. thymocyte transfer, patches of reorganized medullary regions appeared (Fig. 3b C) . Quantitative measurements (Fig. 3c) revealed that the area of the medullary regions changed parallel to that detected in the thymocyte subpopulations: i.e. an initial expansion of the medullary area until day 17 (from 1Á3 6 0Á17 to 2Á05 6 0Á27) was followed by a reduction in the size of the medulla (1Á17 6 0Á12).
Detection of donor-derived T cells using GFPtransgenic thymocyte transfer
To confirm that the above-described T cell repopulation after i.p. thymocyte transfer in ZAP-70 -/-mice was indeed due to the development of stable chimerism, in the next experiments we used thymocytes derived from GFPtransgenic mice [14] as donors (Fig. 4) . In this way we could trace the donor-originated cells in the lymphoid organs of recipients during the reconstitution of T cells. The ratio of T cells in peripheral blood was 31Á6 6 6Á4% and 27Á1 6 4Á4% at weeks 7 and 12 weeks after the transfer, respectively, 83Á6 6 3Á9% and 78Á5 6 6% of which were GFP 1 , respectively (Fig. 4a) . We investigated the cellular composition of the peripheral lymphoid organs of reconstituted mice and found that the percentage of T cells ranged between 16 and 24% in peripheral lymph nodes, mesenteric lymph nodes, spleen and Peyer's patches (Fig. 4b) . Approximately 70% of the T cells were present in lymph nodes, while 87 and 90% of the T cells in the Peyer's patches and spleen were GFP 1 donor cells, respectively (Fig. 4b) . Fluorescent microscopic images supported the flow cytometric findings, as GFP 1 cells could be visualized only in the T cell-rich PALS areas of the spleen, but not in the B cell follicles (Fig. 4c,d ). We confirmed strong GFP expression in thymocytes isolated from the i.p. transferredrecipients using reverse transcription-polymerase chain reaction (RT-PCR), but only very low expression in the bone marrow of the same mice (Fig. 4e) .
T cell reconstitution led to the development of functional T cells
Although, as already mentioned, the significantly elongated lifespan of the transferred mice clearly showed the recapitulation of the immune system by the newly developed T cells, we wanted to elaborate T cell functions directly. Therefore, we performed in-vitro T cell activation tests on isolated T cells from transferred mice (Fig. 5) . We assessed cell proliferation and activation of donor T cells upon anti-CD3/CD28 stimulation (Fig. 5) . We could detect similar tyrosine phosphorylation patterns and proliferative capacity in the T cells from transferred mice as in T cells deriving from WT mice (Fig. 5a,b) . These data showed clearly that the activation and proliferation of the donorderived T cells was normal.
Donor thymocytes leave the peritoneal cavity through the milky spots of the omentum
The next interesting question regarded which pathways the injected thymocytes use to exit from the peritoneum. To address this, we injected CFSE-labelled thymocytes intraperitoneally (Fig. 6) . After analysing various organs in the peritoneal cavity and the draining lymph nodes (mediastinal, inguinal, axillary) 12, 24, 48 and 72 h after the transfer (data not shown), we identified the omentum as the main collection site for thymocytes, as 45% of the lymphocytes isolated from the omentum were of donor origin (CFSE 1 ) (Fig. 6a) . Interestingly, the majority of these CFSE 1 lymphocytes were of the CD4 -CD8 -DN (86%) phenotype; only 12% were CD8
1 SP (Fig. 6a ). Whole mount images have shown that the CFSE 1 donor cells were not scattered randomly in the omentum, but they formed aggregates at specific sites (Fig. 6b) . To identify these specific entry zones, we performed immunofluorescent staining with a fibronectin-specific antibody, which revealed that the CFSE 1 cell aggregates were localized in the lymphoid compartments of the omentum (known as 'milky spots') ( Fig.  6c,d ). (WT) thymocytes, T cells can be reconstituted stably, thus correcting the immunodeficiency in ZAP-70 -/-mice. Most T cell reconstitution studies so far have concentrated on analysing the reconstitution of T cells after the transfer of BM HSC into irradiated hosts [19] [20] [21] [22] ; furthermore, adoptive transfer of cells isolated from fetal liver or neonatal spleen [23] , committed T cell progenitors [24] , double-positive thymocytes [11] , isolated thymocytes [12, 13] and in-vitro-generated T cell precursors (reviewed in [20] ) have also been studied. Here, we have shown that with a single, simple i.p. injection of 5-10 million thymocytes from WT (ZAP-70 [Colour figure can be viewed at wileyonlinelibrary.com] term T cell reconstitution was confirmed by the presence of mature ab T cells up to several months after the transfer in blood and peripheral lymphoid organs, with the majority expressing TCR-ab. Histological analysis revealed that the lymph node and spleen microstructure in transferred animals was similar to WT, suggesting that transfer-originated T cells were able to restore the disrupted morphology of ZAP-70 -/-peripheral lymphoid organs to normal.
Furthermore, using GFP-transgenic thymocytes we could demonstrate clearly that the T cell repopulation was donorderived.
The long-term stability of our chimeras suggested a continuous T cell production; thus, the possibility of thymic repopulation was also investigated. We have already observed SP thymocytes appearing in the thymus of ZAP-70 -/-recipient mice 17 days after the i.p. injection of WT thymocytes accompanied by an increase in the area of the medullary region, indicating that the thymic T cell development was reset by the treatment. Cross-talk between thymic epithelial cells and thymocytes during T cell development have been studied extensively [25] . Here, the re-organization of the medullary region took place after i.p. thymocyte transfer, which was in line with a previous study [10] . In another study, SP cells appeared in the thymus with similar kinetics, i.e. 3 weeks after intrathymic electroporation of ZAP-70 coding plasmids [8] . As ZAP-70-deficient host thymocytes suffer a developmental block at the DP stage, the appearance of SP cells suggests that they originated from the donor ZAP-70 1/1 thymocyte population. The continuous increase in the ratio of T cells in peripheral blood, following the appearance of SP cells in the thymus with a lag (peak at day 21), suggested that these SP cells populated the peripheral lymphoid organs successfully. By day 21, ab/gd T cell ratios in peripheral lymphoid organs resembled WT, providing further proof of donor thymocytes being able to repopulate host lymphoid organs in the form of mature ab T cells.
Interestingly, the changes observed in the thymus (appearance of SP cells and medullary islets) became more pronounced 4-8 months after i.p. transfer than in the first month, although the composition of thymocytes was still far from WT (data not shown). However, similar percentages of SP thymocytes were reported by others [9] .
Overall, the emergence of SP thymocytes and medullary epithelial cells suggested that during the first month following the i.p. thymocyte transfer a wave of T cell development took place, which was followed by long-term thymic recovery which generated T cells for several months.
As these findings implied that the injected thymocytes were capable of entering the thymus, we also analysed which route the thymocytes could have used to leave the peritoneum. Although it was described earlier that the mediastinal and ipsilateral inguinal lymph nodes drain the peritoneal cavity after i.p. transfer of cells [26] , in our experiments we have observed no CFSE-labelled donor cells in these localizations (data not shown). Contrary to this, significant CFSE 1 cell aggregates were present in the omental milky spots, which were already described as gateways for trafficking of B2-B cells [27] , dendritic cells [28] and preferential sites for tumour cell adhesion (reviewed in [29] ). The morphology of milky spots resembles that of secondary lymphoid organs; however, they are covered by a discontinuous layer of mesothelial cells [30] . These intracellular gaps might also serve as entry sites for i.p. injected cells homing via lymphatic vessels and blood capillaries [31] . We have observed that the majority of CFSE 1 cells in the omentum were the most immature CD4 -
CD8
-DN thymocytes, which might suggest that this population was the main source of donor thymocytes that entered the host thymus and supported the development of mature SP thymocytes.
Based on these results, we propose the following mechanism of the T cell recovery in ZAP-70 -/-mice after WT thymocyte transfer. When we injected thymocytes into the peritoneal cavity of recipient mice, we transferred a mixed cell population containing approximately 3-5% DN, 75-80% DP, 10-15% CD4 SP and 5-10% CD8 SP cells [32] . This means that both immature (DN and DP) and mature SP cells entered the recipient. We hypothesize that this mixed cell population repopulated the recipient's lymphoid organs in a complex manner. First, mature SP cells most probably have the capacity to enter peripheral lymphoid organs/tissues, where they could augment the immune response relatively quickly. This peripheral homeostatic expansion could be beneficial, especially in the early stages of the transfer to recapitulate the immune response (at least partially) and promote survival. Conversely, immature cells could have the potential to repopulate primary lymphoid organs and provide a long-term, stable T cell production for several months after the transfer. As DP cells are extremely sensitive to apoptosis [33] , in our view they might not play a key role in restoring the T cell development. Instead it is more likely, and also supported by the aggregation in the omentum, that the DN most immature T cells reached the thymus and/or the bone marrow and they colonized these organs. As the recipient's own T cell progenitors do not have the capacity to mature into SP cells [5, 6] in-vitro or in-vivo experiments (e.g. haemopoetic stem cell or embryonic liver cell isolation for ex-vivo genetic manipulation or genetic engineering of ZAP-70 -/-embryos). The simplicity and low risk of our transfer approach could be beneficial in such laboratories where the technically more challenging bone marrow transfer is not available. Secondly, although we are still far from the successful restoration of T cell deficiency caused by ZAP-70 deficiency in humans, we hope that our results could also contribute to the development of new therapeutic approaches in future.
Supporting information
Additional Supporting Information may be found in the online version of this article at the publisher's website: Fig. S1 . Comparative immunohistochemistry analysis from the lymphatic organs of zeta chain-associated protein of 70 kDa (ZAP-70) 1/1 and ZAP-70 -/-mice. ZAP-70 1/1 (a) and ZAP-70 -/-(e) thymi were stained with anti-CD4-phycoerythrin (PE) (red) and anti-CD8-fluorescein isothiocyanate (FITC) (green) or anti-epithelial cell adhesion molecule 1 (EpCAM1)-FITC (green) and anti-Ly51-PE (red) (b,f). Note that on panels (a) and (e), yellow areas show the CD4 1 CD8 1 double-positive thymocyte-rich cortical areas of the thymi. ZAP-70 1/1 and ZAP-70 -/-lymph nodes (c,g) and spleen (d,h) were stained to distinguish T and B cells with anti-CD3-FITC (green) and anti-B220-AlexaFluor647 (red), respectively. 
